The contribution of fungi and bacteria to decomposition of alder leaves was examined at two reference and two polluted sites in the Ave River (Northwest Portugal). Leaf mass loss, microbial production from incorporation rates of radiolabeled compounds into biomolecules, fungal biomass from ergosterol 5 concentration, sporulation rates and diversity of aquatic hyphomycetes associated with decomposing leaves were determined. The concentration in organic nutrients, and inorganic nitrogen and phosphorous in the stream water was elevated and increased at downstream sites. Leaf decomposition rates were high (0.013 d -1 < k < 0.042 d -1 ) and the highest value was estimated at the most downstream polluted site, 10
INTRODUCTION
Leaf litter decomposition in streams is an important ecosystem-level process (49), which depends on the activity of invertebrates and microorganisms (4) . Both fungi and bacteria convert leaf carbon into microbial biomass enhancing leaf palatability for shredding invertebrates (19) . 5 Streams are naturally subjected to a great spatial and temporal variability, which is likely to affect distribution and activity of organisms. Several studies demonstrate that microbial activity and leaf decomposition in streams are regulated by leaf litter quality (39) and environmental factors, such as temperature (10) , concentration of dissolved nutrients (22, 41, 46) and pH (12) . 10 Leaf litter decomposition in streams under stress has been focus of interest over the last decades. A strong reduction in leaf mass loss by either heavy metals (13, 33) or stream acidification (12) has been observed. Conversely, leaf decomposition tends to be faster at nutrient enriched sites (23, 36, 37, 46) and increased concentrations in nitrogen and/or phosphorus have been reported to stimulate both 15 fungal and bacterial activities on decomposing leaves (23) . However, elevate nitrogen and phosphorus concentrations are often accompanied by oxygen depletion in aquatic systems with anthropogenic disturbances from urbanization and agriculture (9) .
Eutrophication can alter relative abundances of species and rates of processes affecting the community structure and/or ecosystem functioning (30, 49) . Recently, 20 Niyogi et al. (34) proposed a model in which biodiversity has a low threshold of response to anthropogenic stress, whereas biomass and function are stable or increase under low to moderate stress and decrease only under high stress conditions. However, the nature of ecosystem response to stress may differ for different stressors and further research in needed to better understand the ecological responses to multiple environmental stressors.
Fungi, in particular aquatic hyphomycetes, have been recognized as playing a dominant role in microbial decomposition of leaf litter in streams, whereas bacteria are though to increase their importance only after leaf material has been partially 5 broken down (3, 50) . Dominance of fungi in microbial decomposer assemblages has been found in streams (50) , in large rivers (2, 3) and in nutrient enrichment experiments in either streams (23) or microcosms (24, 25) . Much less is known about the relative contribution of fungi and bacteria to leaf decomposition in polluted streams. 10 Comparisons of fungal and bacterial biomass on leaves have been used to evaluate the decomposing activity of these microorganisms (3, 16, (23) (24) (25) (26) . However, biomass measurements may not give reliable information if microorganisms have high turnover rates and/or substantial losses of biomass occur, as detached bacterial cells or fungal sporulation and fragmentation (15) . This limitation can be overcome 15 by estimating microbial production rate, which is a dynamic measure that reflects the specific microbial growth rate on leaf litter. Instantaneous fungal growth rates from rates of [ 14 The aim of this work was to examine how stress from urbanization and industrial activities affects microbial decomposer assemblages and leaf decomposition process in the Ave River (Northwest Portugal). Two reference and two polluted sites were selected along a gradient of pollution characterized previously (37) . Comparing 25 5 to reference sites, polluted sites had higher concentration in organic and inorganic nutrients and differed with respect to current velocity and dissolved oxygen concentration in water. It is expected that increased nutrient concentrations would stimulate microbial decomposing activity, while low current velocity and oxygen depletion might cause the opposite effect. In addition, the relative contribution of 5 fungi and bacteria to leaf decomposition could vary if they respond differently to the stress conditions. Leaf mass loss in fine-mesh bags, bacterial and fungal production, fungal biomass and sporulation, and diversity of aquatic hyphomycetes associated with decomposing leaves were determined during a 6-week study.
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MATERIALS AND METHODS
Study sites and water analyses. The Ave River is located in Northwest
Portugal in a region with high demographic density and several industrial units. The riparian vegetation is markedly affected by human activity and exotic species such as 15 Acacia sp. coexist with the dominant native species Alnus glutinosa (L.) Gaertn.
Additional information on the river can be found in Pascoal et al. (37) . Four sampling sites were selected along 30 km of the Ave River. The location of three of them (L1, L2 and L7) was given previously (37, Fig. 1 ) and the fourth site (L6) is located ca. 1 km below the discharge of a tributary of the Ave River, the Vizela River, and ca. 7 km 20 above L7.
At each sampling site, temperature, pH, conductivity and dissolved oxygen Fungal biomass was estimated from ergosterol concentration using a conversion factor of 5.5 µg ergosterol mg -1 fungal mycelium (17) and assuming a fungal carbon content of 50% (47) . Sets of 6 disks from each replicate bag were 10 refluxed in 10 mL of 0.8% KOH-methanol for 30 min at 80 ºC. The resulting lipid extract was purified by solid phase extraction (21) followed by high-performance liquid chromatography (HPLC, Beckmann Golden System), using a LiChrospher RP-18 column (25 x 0.40 cm, Merck). The system was run isocratically with HPLC-grade methanol as the mobile phase (33 ºC, 1.4 mL min -1 ). Ergosterol was detected at 282 15 nm and quantified based on a standard curve of ergosterol (Sigma) in isopropanol.
Fungal production was determined from rates of [1- 14 C]acetate incorporation into ergosterol (20, 47) , using a conversion factor of 19.3 µg fungal biomass nmol Preliminary experiments showed that the isotope dilution was negligible, incorporation rates of [1- 14 C]acetate were linear for at least 4 h and saturation of 10 radiolabeled acetate had been achieved (not shown).
Bacterial production on decomposing leaves. Bacterial production was determined from the incorporation rates of L- [4,5- 3 H]leucine into protein (47) . Three sets of 4 leaf disks per replicate were put into screw-top tubes containing 4 mL of 15 filter-sterilized stream water. In one set, microorganisms were killed by adding 500 µL of 40% trichloroacetic acid (TCA) to determine background level of radioactivity.
In another set the potential eukariotic incorporation of leucine was controlled by addition of cycloheximide (10 µL Differences in bacterial production, fungal biomass and production, aquatic hyphomycete sporulation rates, and stream water variables among sites were examined by either randomized block ANOVA (51), with time as a block and sites as treatment factor, or one-way ANOVA (51) when peak values were considered. When differences were significant (p<0.05), Tukey's test was used to determine where 25 differences occurred. Data were ln-transformed whenever necessary to achieve normal distribution. For graphic presentation non-transformed data (mean ± SE) were used.
Analyses of covariance (ANCOVA) and variance (ANOVA) were performed with the statistical package Prism 4.0 for Macintosh (GraphPad software Inc., San 5 Diego).
Pearson correlation with Bonferroni adjustment for multiple comparisons (51) was used to examine the relationship between stream water variables, leaf decomposition rate, peak fungal biomass, production and sporulation rate, and peak bacterial production. Correlations were done with the statistical package SYSTAT 10 5.2.1 for Macintosh (SYSTAT software Inc., California).
The ordination of sampling sites and dates was performed by Correspondence Analysis (CA) (29), based on average values (ln-transformed data) of sporulation rates of aquatic hyphomycetes. The analysis was done with the statistical package ADE-4 for Macintosh (48) . 15
RESULTS
Water parameters, leaf mass loss and nitrogen dynamic. The water of the Ave River had a high load of inorganic and organic nutrients ( ).
The initial nitrogen concentration in alder leaves was 3.8% of leaf detrital AFDM ( Fig.1) . Nitrogen concentration increased during the first 14 days at all sites and then declined, except at L6 where it continued to increase until day 34. Leaf 10 nitrogen concentration was significantly higher at L6 than at the other sites (randomized block ANOVA, P=0.017; Tukey's test, P<0.05).
Fungal biomass, production and sporulation on decomposing leaves.
Fungal biomass on leaves in the Ave River reached a maximum after 9 days of 15 decomposition at L1 and L7, corresponding to 120 and 108 mg of fungal C g -1 leaf C, respectively ( Fig. 2A) . Peaks of fungal biomass at L2 and L6 occurred later (14 days) and were significantly lower than those at the other sites (one-way ANOVA, P<0.01;
Tukey's test, P< 0.05 for all cases). Overall, leaves from L7 had significantly greater fungal biomass than those from L2 and L6 (randomized block ANOVA, P=0.004; 20
Tukey's test, P<0.05 for both cases) and no differences between either L2 and L6 or L1 and all the other sites were found (Tukey's test, P>0.05 for all comparisons).
Maximum fungal biomass was positively correlated with both dissolved oxygen concentration in the stream water (r=0.61, P=0.05) and leaf decomposition rate (r=0.63, P=0.04). 25
Peaks of fungal production (Fig. 2B) Positive correlation was found between peak fungal production and phosphate concentration in the stream water (r=0.73, P=0.04).
Sporulation rates of aquatic hyphomycetes reached a peak after 22 days of leaf decomposition at all sites, except at L1 (Fig. 2C) . Maximum sporulation was significantly higher at L7 (24 conidia µg -1 C d -1 ), intermediate at L1 and L2 and lower 10 at L6 (one-way ANOVA, P=0.023). Overall, sporulation rates of aquatic hyphomycetes were significantly higher at L7 than those at the other sites (randomized block ANOVA, P<0.0001, Tukey's test, P<0.01). Maximum sporulation rate was significantly correlated with both leaf decomposition rate (r=0.78, P=0.03) and peak fungal production (r=0.63, P=0.04). 15
Total conidial net production ranged from 25.3 to 106.9 mg C g -1 initial leaf C, while total fungal net production, from acetate incorporation rates into ergosterol, varied from 42.7 to 85.1 mg C g -1 initial leaf C (Table 3) . Total fungal net production represented between 10.2% (L7) and 13.6% (L6) of the leaf carbon loss. The contribution of fungal assimilation to overall leaf carbon loss corresponded to 29.0 20 and 38.8% at L7 and L6, respectively (Table 3) .
A total of 30 species of aquatic hyphomycetes on alder leaves were observed (Table 4 ). The highest fungal richness was found at L1 and L7 (25 species) and the lowest one at L6 (20 species). At the sporulation peak, Flagellospora curta was one of the dominant species at all sites. At L6 and L7 species that also exhibited high 25 13 relative abundances were Anguillospora filiformis, Clavariopsis aquatica and Clavatospora longibrachiata. Articulospora tetracladia was a co-dominat species at L1 and L2 together with either C. longibrachiata or A. filiformis, respectively.
Results from CA ordination of the sampling sites and dates based on aquatic hyphomycete assemblages on decomposing alder leaves are shown in Fig. 3 . Factor 2 5 explained 17.7% of the total variance and contrasted upstream (L1 and L2) and downstream (L6 and L7) sites, while factor 1 explained 19.9% of the total variance and mainly separated L1 from L2. In addition, there was considerable overlap between L6 and L7, suggesting great similarity in the structure of their aquatic hyphomycete assemblages on leaves. At downstream sites the total bacterial net production was 3.0 and 3.5 mg C g -1 initial leaf C, which accounted for 0.4 and 0.8% of the leaf carbon loss at L7 and L6, respectively ( Table 3 ). The percentage of the initial leaf carbon assimilated by 25 14 bacteria reached a maximum at L6 (6.0%), which corresponded to 13.9% of the overall leaf carbon loss. In addition, the contribution of bacterial assimilation to overall leaf carbon loss was, at least, twice greater at L6 than at the other sites. was generally faster in spring (this study) than in the previous autumn (37), which can 10 be due to the stimulation of microbial decomposing activity by warmer temperatures.
Concentration of inorganic and organic nutrients in the stream water was high
and significantly increased at downstream sites. Previous studies conducted at six sites in the same reach of the Ave River, which did not include L6, showed a longitudinal gradient of pollution that was positively correlated with rates of leaf 15 breakdown (37). In the current study, the fastest leaf decomposition (k=0.042 d -1 ) was also found at the most downstream polluted site (L7). Accelerated leaf decomposition due to nutrient enrichment has been found in laboratory (45) , stream (23, 36, 46) and mixed (41) studies. Despite the high organic and inorganic load at L6, the lowest leaf decomposition rate (k=0.013 d -1 ) was found at this site. The most striking differences 20 between L6 and L7 were the current velocity and dissolved oxygen in the stream water, which were much lower at L6. In addition, bags taken at later sampling dates from this site were filled with mud and leaves had a dark colour, suggesting hypoxic conditions that could have inhibited leaf decomposition. These findings are in accordance with the expected pattern in a sewage impacted stream, which is slower 25 leaf breakdown just below the sewage effluent due to low levels of dissolved oxygen and accelerated breakdown further downstream due to nutrient enrichment (49).
In this work the initial nitrogen concentration in alder leaves was higher than generally reported for this leaf species (e.g. 40) , and it further increased during the first 14 days of leaf decomposition at all sites. The magnitude of the increase was 5 greater at the most nutrient enriched sites as reported by other authors (23, 44) , supporting earlier evidence that the major source of nitrogen for fungi growing in leaves is the water (23, 46) . Immobilization of nitrogen in leaves has been, at least, partially attributed to the accumulation of microbial biomass (49). At L7, the initial increase in nitrogen concentration in leaves was associated with high microbial 10 biomass and production, and the subsequent decrease in nitrogen concentration was probably due to release of large numbers of conidia (see 44) . On contrary, the high nitrogen concentration in leaves at L6 could not be fully explained by microbial immobilization, since low fungal biomass and production were found at this site.
However, nitrogen immobilization may also result from the formation of complexes 15 between nitrogen and other compounds (e.g. lignin) in leaves (35) .
Fungal diversity and activity on decomposing leaves. Significant correlations between leaf decomposition rate and fungal parameters, namely maximum sporulation rate and biomass, were found in this study as observed by other 20 authors (18, 46). In the Ave River, peaks of fungal biomass on alder leaves (32-120 mg C g -1 C) were within the range found in other streams (13, 14, 26) , while the peak of sporulation at the most downstream nutrient enriched site was extremely high (24 conidia µg -1 C d -1 ) surpassing the highest values reported for alder leaves (ca. 14 conidia µg -1 C d -1 , 18). In the Ave River, peaks of fungal production (3.6-7.2 mg C g -1 25 16 C d -1 ) were higher than those measured in a large river (2), but lower than the maximum reported in the literature (13, 44) . In the current study, a great part of fungal production was allocated to reproduction and, at the most downstream site, total conidial net production (106.9 mg C g -1 initial leaf C) even exceeded total fungal net production estimated from acetate incorporation method ( Fig. 2 and Table 3 ). This 5 finding was not expected, since the acetate method takes into account the amount of biomass being lost as conidia. Whether that disparity was caused by i) an overproduction of conidia in laboratory conditions, ii) the use of inappropriate conversion factor, relating acetate incorporation rate and biomass production, or iii) a greater peak of fungal production before the first sampling date, as suggested by the 10 decline in fungal biomass and production after that time, remains an open question.
Nevertheless, maximum fungal production was correlated with maximum sporulation rate, suggesting that both measures were suitable indicators of fungal activity on decomposing leaves in the Ave River.
Higher values of fungal biomass, production and sporulation rates of aquatic 15 hyphomycetes were found at the most downstream nutrient enriched site (L7), which could have contributed to the fastest leaf decomposition. In spite of the high nutrient concentration, fungal activity was inhibited at L6, which was consistent with the observed slower leaf decomposition. These results suggested that the stimulation of fungal activity on leaves by increased nutrient concentrations in the stream water 20 might be offset by other factors. In the case of the Ave River, low current velocity and decreased dissolved oxygen seemed to be important factors affecting fungal activity and leaf decomposition.
The species richness of aquatic hyphomycetes associated with alder leaves at studied sites (20-25 species) was similar to that found in a non-polluted stream from 25 Central Portugal (5) and slightly higher than that observed in previous autumn in the Ave River (37) . Although aquatic hyphomycetes have been associated with clean and well aerated waters (4) and low diversity has been reported in an organically polluted stream (3-4 species, 38), they appear to be rather well represented in streams with either heavy metal (13-14 species, 42) or organic and inorganic (18-23 species, 37 ) 5 pollution. CA ordination of sampling sites and dates on the basis of aquatic hyphomycete assemblages on leaves separated reference (L1 and L2) from polluted (L6 and L7) sites, suggesting that shifts in the structure of fungal communities were associated with changes in the water chemistry. Since similar dominant fungal species were found at L6 and L7, the species identity per se did not seem to account for the 10 differences in fungal decomposing activity at polluted sites.
Relative contribution of fungi and bacteria to leaf decomposition in a polluted river. In the Ave River, peaks of bacterial production (0.12-2.80 mg C g bacterial net production tended to be higher at polluted sites (3.0 and 3.5 mg C g -1 initial leaf C at L7 and L6, respectively), fungal production was always much greater accounting for 94.4 to 98.2% of the total microbial production. Similarly, greater role of fungi than bacteria in microbial assemblages associated with leaf litter decomposing in freshwaters has been reported, regardless whether biomass (16, 23) or production (2, 50) is considered.
The fraction of leaf carbon lost converted into fungal production on decomposing leaves differ among streams (11-15%, 44; 1.5-7.5%, 50). In this study, fungal yield coefficients varied from 10.2 to 13.6%, whereas those of bacteria were 5 less than 1%. Data in the literature also point to low bacterial yield coefficients, e.g. 0.09-1.84% with greater values at higher nutrient concentrations and in the absence of fungi (24, 25) , indicating that only a small portion of the leaf is channeled to bacterial production. However, the contribution of bacteria to leaf decomposition might not be Thus, if bacterial growth efficiency in the Ave River was higher than that assumed in this work, the contribution of this group of microorganisms to leaf decomposition would be overestimated. Bacteria explained 9-13% of overall leaf mass loss in a third order stream, where shredders accounted for 51-64% and fungi for 15-18% (26). In 25 19 the Ave River, the contribution of fungi to overall leaf carbon loss was higher (29.0-38.8%), but lower than that found in a large river (41.9-65.5%, 3). Fungi accounted for 73.6 to 89.7% of the total microbial contribution to overall leaf carbon loss, suggesting that fungi were actually the main agents of leaf decomposition in this polluted river. Since invertebrates were excluded from the present experimental 5 design, high contribution of microorganisms to leaf carbon loss might be expected. 30 Table 3 . Microbial production and contribution of fungi and bacteria to alder leaf decomposition at four sites in the Ave River. The total net production of conidia, fungi and bacteria is the sum of daily production rates over the study period, assuming the mean daily rate between sampling dates. Yield coefficient was calculated by dividing production of either fungi or bacteria by leaf C loss. The 5 amount of initial leaf C assimilated was calculated by dividing production of fungi or bacteria by the growth efficiency: 35% for fungi (43) and 5.8% for bacteria (25) . The contribution of fungal and bacterial assimilation to overall leaf C loss was estimated by dividing assimilation of fungi and bacteria by leaf C loss. 
